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FOREWORD '
@

This final report of the Orbital Transfer Vehicle (OTV) Concept Definition and
System Analysis Study was prepared by Boeing Aerospace Company for the National
Aeronautiecs and Space Administration's George C. Marshall Space Flight Center in
accordance with Contract NAS8-36107. Thebstudy was conducted under the direction of
the NASA OTV Study Manager, Mr. Donald Saxton and during the period from August
1984 to September 1986.

This final report is organized into the following nine documents:

VOL. I Executive Summary (Rev. A)
VOL. II  OTV Concept Definition & Evaluation

- Book 1 - Mission Analysis & System Requirements
Book 2 - Selected OTV Concept Definition - Phase |
Book 3 - Configuration and Subsystem Trade Studies
Book 4 - Operations and Propellant Logisties

VOL. III System & Program Trades
VOL. IV Space Station Accommodations
. VOL. V  WBS & Dictionary
VOL. VI Cost Estimates
VOL. VII Integrated Technology Development Plan
VOL. VIII Environmental Analysis
VOL. IX Implications of Alternate Mission Models and Launch Vehicles

The following personnel were key contributors during the conduct of the study in the

disciplines shown:

Study Manager E. Davis (Phase [-3rd and 4th Quarters and
Phase II)
D. Andrews (Phase I-1st and 2nd Quarters)
Mission & System Analysis J. Jordan, J. Hamilton
Configurations D. Parkman, W. Sanders, D. MacWhirter
Propulsion W. Patterson, L. Cooper, G. Schmidt
Structures M. Musgrove, L. Duvall, D. Christianson, M. Wright
Thermal Control T. Flynn, R. Savage
Avionies D. Johnson, T. Moser, R.J. Gewin, D. Norvell
Electrical Power R.J. Gewin
. Mass Properties J. Cannon
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Reliability
Aerothermodynamics
Aeroguidance
Aerodynamics
Performance

Launch Operations
Flight Operations
Propellant Logisties

Station Accommodations
Cost & Programmaties

Documentation Support
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1.0 INTRODUCTION |

This section provides a description of the study in terms of background, objectives,
issues, organization of study and report, and the content of this specific volume.

Use of trade names, names of manufacturers, or recommendations in this report
does not constitute an official endorsement, either expressed or implied, by the National
Aeronautics and Space Administration.

And finally, it should be recognized that this study was conducted prior to the STS
safety review that resulted in an STS posjtion of "no Centaur in Shuttle" and
subsequently an indication of no plans to accommodate a eryo OTV or OTV propellant
dump/vent. The implications of this decision are briefly addressed in section 2.2 of the
Volume [ and also in Volume [X reporting the Phase II effort which had the OTV launched
by an unmanned cargo launch vehicle. A full assessment of a safety compatible cryo

OTYV launched by the Shuttle will require analysis in a future study.

1.1 BACKGROUND

Access to GEO and earth escape capability is currently achieved through the use of
partially reusable and expendable launch systems and expendable upper stages.
Projected mission requirements beyond the mid-1990's indicate durations and payload
characteristics in terms of mass and nature (manned missions) that will exceed the
capabilities of the existing upper stage fleet. Equally important as the physical
shortfalls is the relatively high cost to the payload. Based on STS launch and existing
upper stages, the cost of delivering payloads to GEO range from $12,000 to $24,000 per
pound.

A significant step in overcoming the above factors would be the development of a
new highly efficient upper stage. Numerous studies (ref. 1, 2, 3, 4) have been conducted
during the past decade concerning the definition of such a stage and its program. The
scope of these investigations have included a wide variety of system-level issues dealing
with reusability, the type of propulsion to be used, benefits of aeroassist, ground- and

space-basing, and impact of the launch system.

1.2 OBJECTIVES AND iSSUES

The overall objective of this study was to re-examine many of these same issues but
within the framework of the most recent projections in technology readiness, realization
that a space station is a firm national commitment, and a refinement in mission
projections out to 2010.

During the nineteen-month technical effort the specific issues addressed were:
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a. What are the driving missions?

b. What are the preferred space-based OTV characteristics in terms of propulsion, .
aeroassist, staging, and operability features?

¢. What are the preferred ground-based OTV characteristics in terms of delivery mode,
aeroassist, and ability to satisfy the most demanding missions?

d. How extensive are the orbital support systems in terms of propellant logistics and
space station accommodations?

e. Where should the OTV be based?

f. How cost effective is a reusable OTV program?

g. What are the implications of using advanced launch vehicles?

1.3 STUDY AND REPORT ORGANIZATION

Accomplishment of the objectives and investigation of the issues was done
considering two basic combinations of mission models and launch systems. Phasel
concerned itself with a mission model having 145 OTV flights during the 1995-2010
timeframe (Revision 8 OTV mission model) and relied solely on the Space Shuttle for
launching. Phase 2 considered a more ambitious model (Rev. 9) having 442 flights during
the same time frame as well as use of a large unmanned cargo launch vehicle and an
advanced Space Shuttie (STS II). .

The study is reported in nine separate volumes. Volume [ presents an overview of
the results and findings for the entire study. Volume I[I through VIII contains material
associated only with the Phase [ activity. Volume IX presents material unique to the
Phase II activity. Phase I involved five quarters of the technical effort and one quarter

was associated with the Phase II analyses.

1.4 DOCUMENT CONTENT

This specific document reports the work associated with the hardware and physical
integration aspects of OTV accommodations at a space station, a summary of the OTV
imposed requirements and finally a discussion of the key issues associated with the
accommodation of an OTV at a space station. OTV processing operations ocecurring at

the station are reported in Volume I, Book 4.
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2.0 OTV ACCOMMODATIONS OVERVIEW

This section presents an overview of the objectives, emphasis, groundrules and
assumptions associated with the space station accommodations activity. It will be noted
that this effort was performed during a timeframe when the NASA space station design
was referred to as "Power Tower" rather than a later version called "Dual Keel". In the
judgement of the Boeing OTV study team, we would expect no major change .in our
findings should the Dual Keel concept have been used in the analysis.

2.1 OBJECTIVE AND EMPHASIS

The primary objective of the Space Station Accommodations Concept Definition
task (Task 5) was to define Space Station accommodations and assess the requirements
on the space Station for hardware elements, resources, and interfaces necessary to
support a reusable Orbit Transfer Vehicle (OTV). Our emphasis within this objective was
to develop data that allowed discrimination among the space based concepts and between

space and ground based OTV's.

2.2 REQUIREMENTS, GROUNDRULES, AND ASSUMPTIONS

The overall operations flow for a space-based OTV is presented in figure 2.2-1.
Support requirements and hardware elements or accommodations resulting from the top
level flow are shown in figure 2.2-2, Most significant of the OTV accommodations is 1) a
hangar to provide meteoroid/debris protection, storage, and maintenance sheiter and 2) a
fluid management facility to enable refueling.

The key groundrules and assumptions associated with the OTV/station accommoda-
tions aectivity are shown in table 2.2-1. OTV IOC's, Space Shuttle characteristics and
crew cost were provided by NASA. Our analysis of the NASA provided mission model
(see Volume II, Book 1) resulted in the indicated amount of time between the completion
of a given type of mission and initiation of another mission. To these we added the
transit times and turnaround times to develop cycle times for an OTV and eventually the
definition of amount of accommodations required to support the OTV fleet. We also
assumed that GEO platforms are moved about on the Space Station folded up, and only
deployed after being attached to the OTV. This reduced MRMS length and moment of
inertia requirements.

The starting point Space Station configuration used to perform the OTV/station
accommodations analysis is shown in figure 2.2-3. This concept cefined by NASA as the
Full Operating Capability (FOC) Space Station is assumed to be operational by 1997.
Again, the Dual Keel concept occurred late in the study but would not have changed the

findings and key considerations.
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3.0 HARDWARE DEFINITION

This section defines the major hardware elements which constitute the OTV
accommodations required at a space station. The most significant items include hangar,
propellant storage and transfer system, servicing and handling equipment and pressurized

modules.
3.1 HANGAR

3.1.1 Requirements and Assumptions

The hangar has the functional requirements of 1) providing protection against
meteoroids and space debris when the OTV is at the station, and 2) serving as a shelter
when maintenance is performed on the OTV.

The overall size of the hangar must be sufficient to accommodate the OTV itself,
house the servicing equipment and spares, and have adequate clearance to allow EVA
activity associated with OTV assembly- and/or servicing. The values assumed for the
above factors are shown in table 3.1-1. It will also be noted the overall size takes into
account allowances for the volume required for servicing and handling equipment

(defined in section 3.3) and for the thickness of the hangar wall.

Table 3.1-1 Hangar Sizing Factors
o OQTYV Sizes (ft.)

o _Ballute Brake OTV 15D X 38L

o Lifting Brake OTV 42D X 23L

o Shaped Brake OTV . 36 X44 X 16
o  Clearances

o  Separating Hardware Elements 1ft

o EVA Mobility 4 ft
o Allowances

o Servieing equip and spares 1ft

o  Wall thickness 1ft
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3.1.2 Trades

3.1.2.1 Internal Versus External OTV Servicing

Prior studies (Reference 3) have indicated the use of a hangar for OTV servicing. As
indicated in the requirements section this does increase the size of the hangar and thus
its cost as well as additional drag and orbit make-up propellant. An alternative is to size
the hangar only for storage and provide protection against meteoroids/debris. The OTV
would then be moved outside for servicing resulting in a smaller hangar.

The results of the trade between servicing inside and outside the hangar for a
ballute braked OTV is presented in figure 3.1-1. As indicated by the cost comparison
curves, the servicing inside the hangar approach becomes cheaper after the second year.
This conclusion is based on the following. The DDT&E, production, and delivery cost
difference between the hangars is estimated at $4152/lb. The hangar walls average 0.74
Ib/sq. ft. The acquisition and delivery difference between the hangar sizes is then $11.15
million. The larger hangar incurs a cost penalty of $455,000 per year for added drag
makeup propellant due to its larger cross section. The outside servicing option requires
set-up time that is not needed inside a hangar. When working outdoors, lighting and
other factors make the work pace slower. These add 6 hours of EVA to each mission,

which amounts to $5.376 million per year for the low mission model.

3.1.2.2 Hangar Packaging Trade

Two hangar packaging concepts shown in figure 3.1-2 were evaluated for their
impact on delivery and installation cost. Concept "A" requires the minimum amount of
* on-orbit assembly. The Shuttle payload is a singie deployable structure that unfolds to
become one half of the hangar. Two launches are required to deliver the hangar plus 0.1
flights to deliver the door.

Concept "B" divides the hangar into a large number of small deployable sections.
These require only 0.7 of a launch to deliver the hangar structure.

A number of factors affect the number of parts associated with the hangar. The
amount of on-orbit assembly time per part, the efficiency in fitting the sections in the
shuttle, and the cost of a shuttle launch all play a part. When looked at in terms of how
many typical sections (or parts) will fill a Shuttle flight, the optimum number of parts is
a function of the assembly time. The relationship between installed cost and numbers of
parts is presented in figure 3.1-3. For a payload that takes 10 hours per section for
assembly, such as the OTV vehicle, the optimum is about six sections. For a simpler
structure such as the hangar walls, which take one hour per part, the optimum is 60

sections which is concept B, minimum cargo volume.

10
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3.1.2.3 Meteoroid and Debris Protection Trade

The wall of the hangar will perform several functions: thermal protection, light
dispersion, tool and spares storage, and meteoroid and debris protection. Variation in
wall design regarding meteoroid/debris protection were investigated for their impact on
system level cost considering hangar cost and OTV repair cost. Hangar walls ranging
from 30 layers of multi-layer insulation (MLI) to nearly 0.08 inch thick aluminum were
investigated with the comparison presented in table 3.1-2. As the wall gets thicker and
has more mass the probability of damage to an OTV from space debris is reduced, but the
cost of the hangar increases. This data indicates that the least cost occurs when the
wall consist of 30 layers of MLI which is also adequate for thermal protection.

3.1.3 Design Concepts
This section describes the features that are common to hangars for any SB or GB

OTYV and the internal arrangement concept for each SB OTV hangar.

3.1.3.1 Common Features

Features that are common to all hangars include the construction concept and wall
design characteristics. The construction concept is shown in figure 3.1-4 and reflects
the packaging concept selected in section 3.1.2. Each hangar section contains two
collapsed truss elements which are unfolded and locked into place. The hangar section is
boited to the adjacent section at its corner. The sections attached to the Station will
have additional attachment points, and openings in the MLI to allow wiring to be
installed later. The hangar doors, lights, and internal equipment are installed later.

Figure 3.1-5 shows a typical panel section for the space based OTV hangar. The
12x17 ft size is the largest that can be accommodated with this construction concept
because of the need to fit in the Shuttle cargo bay when folded. The weight of this
section is 139 lbs including a 15% growth allowance. It should be noted, however, all
sections of a hangar are not the same size due to the dimensions of the hangar. Total
hangar weights for the various space and ground based OTV configurations is presented in
table 3.1-3. The variation in the hangar weights is due to the differences in the size of
the hangars, due to the differences in vehicle or auxiliary tank sizes. Note that these

estimates are for the hangar only, and does not include any internal equipment.
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Table 3.1-2. Hangar Wall Design Comparison

Probability of | OTV
Wall thickness | Wall weight | Wall cost no penetration | repair cost | Total cost
Hangar wall type tg (in) (1b) (M$) Po (M3) (M$)
30 layers ML! .0026 375 1.58 .9547 3.17 4.73
* 60 layers MLI .0052 750 3.12 .9725 1.92 5.04
*90 layers MLI .0078 - 1,125 4.67 .9784 1.44 6.11
«.016 Aluminum sheet .0186 2,684 11.15 .9886 0.80 11.94
+ 30 layers MLI
* 0374 Aluminum sheet 04 5,771 23.96 .9924 0.53 24.49
+ 30 layers MLI
*.0774 Aluminum sheet .08 11,543 47.93 .9935 0.45 48.38
+ 30 layers ML

Assumptions:
¢ OTV repair cost = $70 million (repair and relaunch)
¢ Hangar cost = $2,800/1b development and production + $1,352/lb delivery = $4,125/ib
¢ Hangar size = 10,020 £12
» Vehicle section = 1,200 ft2
* Vehicle to hangar spacing = 6 ft
® Exposure = 10 years

15 OTV-17861
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3.1.3.2 Internal Arrangement

Ballute OTV Hangar

The Ballute OTV hangar is shown figure 3.1-6. The most significant task to be
performed in the hangar is attaching a new ballute to the OTV, after each flight. In
order to conserve space, ballutes are stored on the hangar door. Attachment of a ballute
begins by attaching the ballute installation fixture to the ballute. Next the hangar door
is opened to detach the ballute from its support stand. The ballute is rotated 180
degrees and placed over the end of the vehicle. The hangar door is then closed. The
OTV is attached to a support stand in the hangar. The support stand attaches to the OTV
payload interface and is connected to the Space Station truss. The Station provides
electrical power, health, and commands via a cable tray run from the Station truss
through the stand and to the vehicle. The hangar has tracks on which run mobile robots,
which are small versions of the Station MRMS. Various handling fixtures and tools can
be affixedﬁ to the robot to aid in servicing operations, such as an engine removal tool, or
an astronaut foot restraint/control console. Orbital replaceable units and tools are
stored on the walls of the hangar. The mobile robots can reach anywhere in the hangar.

The Ballute OTV hangar walls are shown 'unrolled' in figure 3.1-7 to more clearly
depict the location of the support equipment. Mobile robot tracks run longitudinally on
four sides and circumferentially in two places to allow access to all parts of the hangar.

Lifting Brake OTV Hangar

The lifting brake OTV hangar shown in figure 3.1-8 is sized by the space required for
removal and replacement of a main engine which also requires removal of the brake.
Because of the larger diameter of the vehicle, the mobile robots require a reach length
of about 25 feet. Mobile robot joints are designed to allow removal of an engine without
damaging the brake. The brake is held by a fixture that uses the engine door frame as
the attachment point. Access to the hangar by EVA astronauts is through an airlock in

the pressurized module, which conneets directly with the hangar interior.

Shaped Brake OTV Hangar

The shaped braked OTV consist of large sections which must be assembled on orbit.
Storage of these sections prior to assembly results in this hangar being larger then
hangers for the other OTV's. The arrangement of the shaped brake OTV hangar is
presented in figure 3.1-9.
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3.1.4 Hangar Comparison

The overall physical characteristics of the hangars associated with each OTV
concept are presented in figure 3.1-10. All but the hangar for the GBOTV auxiliary
propellant tank have been sized for performing servicing within the hangar. No on-orbit
servicing is necessary on the auxiliary propellant tank.

The dimensions, surface area and drag area are based on the size of the OTV's and
the required clearances. Weights are based on table presented in section 3.1.3. The
number of sections relate to how many parts must be delivered to orbit. Because of its

size, the ballute OTV has the least demanding requirements in terms of hangar.

3.2 PROPELLANT STORAGE AND TRANSFER SYSTEM
This section provides a summary of the propellant storage and transfer system
located at the station. Additional information concerning all aspects of propellant

logistics can be found in volume [I, Book 4, Section 3.0.

3.2.1 Requirements And Assumptions

Liquid oxygen and hydrogen propellant for OTV will be delivered to the station using
a combination of dedicated tankers and scavenging. Based on the low mission model, the
on-orbit storage requirement is 185,000 lbm maximum for the case of performing a
manned GEO sortie and a rescue mission in addition to receiving propellant from two
seavenging flights but without any delivery from a dedicated tanker. A typical annual
(year 2001) propellant handling schedule consists of 9 OTV loadings (average 53K lbm),
7 tanker deliveries (60 Klbm), and 13 deliveries of scavenged propellant (avg. 14K-lbm
ea.). The significant requirement imposed by the Space Station program is that no
propellant or gases will be vented. See Volume II, Book 4, Sections 3.4 and 3.5 for

additional discussion of venting and non-venting implications.

-~ 3.2.2 Trades

The majority of the trades associated with propellant logistics have been described
in Volume [I Book 4. One trade not reported in that document is that of where the
propellant should be located. Based on the reference Space Station program, propellant
would be located at the station and acquired through use of surface tension screens
within the tanks. Concerns regarding the efficiency of the surface tension screens,
impact of the no vent rule, and slosh and eg impact on materials processing resulted in a
cursory examination of several other concepts. All three options are shown in figure
3.2-1.
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Option 1 had the propellant located at the station but had the tankage attached to a
platform that could be deployed 840 ft. via a tether in a nadir direction and thus provide
a gravity gradient up to 10-4 g's for transferring the propellant. Additional detail on this
concept is shown in figure 3.2-2. Because the propellant storage system is a significant
fraction of the total Space Station mass, moving it 840 feet would move the Station
center of gravity enough to upset microgravity experiments. To solve this problem, a
counterweight can be extended in the opposite direction. Since the mass x distance
product determines the center of gravity shift, a smaller mass could be extended a
distance of a few miles. The primary disadvantage of this concept is the operational
issues associated with deploying and stowing of the tether propellant platform and
counter balance.

A second option considered had the propellant located on a separate free flying
platform.. Further configuration data on this concept is presented in figure 3.2-3.
Because a free-flying platform has a much smaller moment of inertia than the Space
Station, a 0.2 rpm rotation rate induced by thrusters was found to be an efficient way to
generate enough gravity to positively settle the propellant tanks. The thrusters were
found to have less life-cycle mass required than a flywheel system. The free flying
platform, however, must provide its own subsystems resulting in a cost penalty of
approximately $250 million. An additional benefit of this concept however is that it
could be used by DOD for integration of their payloads with the OTV.

Although there are concerns and benefits associated with each of the investigated
concepts at this point we have selected storage at the station with screen acquisition as
the baseline. We believe the operational problems (time line, g level impact and
mechanism reliability) make the tether approach unacceptable until a more in depth
analyses is performed including an assessment by the Space Station program. Although
the separate free flying platform eliminates all of the concerns of the reference
approach the additional cost is its principal disadvantage. A final thought regarding the
selected approach is that it should force a more in depth analysis to be performed to
determine if the concept really is viable at the space station within the imposed

constraints.

3.2.3 Selected System

The propellant transfer system schematic shown by figure 3.2-4 is the configuration
selected for propellant transfers to be accomplished at the Space Station. The system is
arranged so that the tanker and OTV use a common docking port and the same interfaces
for the required fluid transfers. Gases vented from the tanks due to boiloff and during

fluid transfer operations are captured, compressed and stored at approximately 2000
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psia. The compressed gases are used to effect pressurized fluid transfer from the tanker
to the storage tanks or from the storage tanks to the OTV by selectively opening and
closing appropriate valves. The system is intended to capture all gases vented from the
tanks and therefore will not violate the Space Station no vent requirément.

The configurations of the Space Station hydrogen and oxygen storage tanks are
shown by figures 3.2-5 and 3.2-6. Two tank sets will be permanently attached to the
Space Station. The tanks will be launched empty but pressurized with helium. Liquid
acquisition devices consisting of eight screen channels are included in each tank to
provide liquid at the outlets for fluid transfer in the low "g" Space Station environment.
The dewar insulation annulus will be pressurized with helium during ground and launch
operations to maintain insulation cleanliness and integrity. The insulation annulus will be
vented to vacuum on orbit to obtain dewar conditions and thermal performance. Boiloff
rates for these tanks were estimated based on operating vapor cooled shields. A
hydrogen boiloff rate of 7 lbm per tank/day and an oxygen boiloff of 13 lbm per tank/day
were estimated. Acceptance testing of the tanks thermal performance will be
accomplished on the ground in a vacuum chamber with the insulation evacuated and
re-pressurized after test completion.

The Space Station requirement of no fluid venting has a. major impact on the storage
and transfer of cryogenic fluids. The gases which must be captured and stored include
boiloff and chill down losses and OTV reserves and residuals returned to the station.
Approximately 6700 lbm of oxygen and 2520 lbm of hydrogen will accumulate in a 90 day
period. Assuming the gasses are stored at 2000 psia and 500 degrees Rankine would
require ten 9 ft diameter pressure vessels for hydrogen storage and two 8 ft diameter
pressure vessels for oxygen storage as shown by figure 3.2-7 if none of the gases are used
for a 90 day period.

The storage requirements for the surplus gases could be reduced by using fuel cells
to convert a fraction of the gases to 84 lbm of water per day and produce net power of
approximately 3.9 kw as shown in figure 3.2-8. The excess of hydrogen available above
the fuel cells stoichiometric ratio would still require six 9 ft diameter pressure vessels if

none were used in the 90 day period.

3.3 SUPPORT EQUIPMENT

Support equipment is defined as that which is necessary to service, maintain, and
move the OTV while within the hangar. An indication of the specific items required and
their quantities to support each OTV concept are shown in table 3.3-1. Except for the
aerobrake handling tool and size of mobile robots all of the space based OTV concepts

use essentially the same equipment. Since all ground based OTV servicing is done on the
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ground, there is almost no support equipment on the Station. Concepts of tools
associated with the rigid TPS aeroshell removal for the ballute and lifting brake, engine
removal and mobile robot are shown in figure 3.3-1. The mass and size for most of the

support equipment is presented in section 5.0.

3.4 Pressurized Module

Use of a Space Station pressurized module is desirable to support OTV checkout,
software loading, propellant transfer, and servicing, both remote and EVA. The Orbital
Maneuvering Vehicle (OMV) will precede the OTV on the Space Station. Aside from
additional software requirements, the OMV control system on the Space Station appears
adequate to support the OTV as well. [t will be necessary to shift control of one of the
vehicles to another console aboard the Space Station when both vehicles are operating at
the same time.

Our concept for use of a pressurized module is shown in figure 3.4.-1. The concept
assumes that at the time the OTV is operating from the Space Station, there will be a
third Habitation Module installed on the Space Station. Our configuration for the module
is a rearrangement of Habitation Module #2. It places the operations center and
maintenance/repair station near the external airlock which leads to the OTV hahgar
interior. We suggest, if possible, placing windows in the module which allow direct

observation of the hangar interior, similar to the aft flight deck of the Space Shuttle.
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4.0 STATION INTEGRATION

This section discusses the considerations in locating the OTV accommodations at the
station, the selected arrangement, and the major handling operations involving the OTYV,

accommodations and station.
4.1 Accommodations Installation

4.1.1 Considerations

Table 4.1-1 identifies a number of factors that should be taken into consideratic;n in
placing the OTV accommodations on the FOC Space Station sometimes referred to as
growth station. The Station structural requirements would be simplified by placing the
propellant storage tanks and common modules near each other since they comprise the
majority of the station mass. The propellant storage tanks have a very large impact on
Station center of gravity location, since their contents rahge from 11,000 to 180,000 Ib.
Therefore there is a desire to place them near the Station center of gravity. If possible,
they should be in a location that provides shade from the Sun, in order to reduce boiloff
losses. The tank sets should be close together to allow OTYV filling from both sets for a
given mission. Hangar placement should allow for addition of a second hangar, although
the second hangar need not be a servicing hangar unless very high flight rates (more than
25 per year) are required. Direct access to the hangar from the pressurized modules
minimizes EVA costs by reducing travel time to the work location.

The OTV-payload integration stand should be ciose to the payload storage and OTV
storage (hangar) locations to minimize transfer operation times. For large payloads,
such as a GEO platform which is unfolded before launch, sufficient clearance for all the
payload appendages is required. By locating the stand adjacent to the propellant storage
tanks, a physical transfer operation can be avoided.

Another major location consideration is the restrictions imposed by the station itself
as indicated by figure 4.1-1. The electrical power system and space-viewing instruments
eliminate use of the top end of the power-tower Station configuration. Several regions
are eliminated because of reaction control system plume impingement. Main radiator
motion sweeps out a volume around the Station, and pressurized module radiators require
a view of space which precludes placing OTV elements adjacent to them. Also shown on
this figure are the c.g.'s for the station with and without the orbiter. To minimize
center-of-gravity shift on the station, the propellant storage tanks should be located
near the CG.
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4.1.2 Selected Arrangement for SBOTV

The various restrictions and considerations on locating OTV accommodations
elements dramatically reduced the number of viable.arrangement candidates. Although
several arrangements were investigated including placement of the hangar and propellant
storage tanks at the base of the station each resulted in either more modifications to the
basic station or had a greater impact on the c.g. than the selected arrangement.

The selected arrangement and its rationale are presented in figure 4.1-2. The desire
for direct EVA access between the habitat and hangar necessitated moving the Logistics
Module from the end to the side docking port of the uppermost habitation module. To
enable the MRMS to reach the OTV inside the hangar, the hangar must be oriented door
upwards. The door cannot be downward due to interference with the pressurized
modules. If it is oriented sideways, the MRMS reach will be insufficient. To minimize
MRMS motion and because of the other location restrictions the OTV integration stand is
located on the truss opposite the hangar. To allow for large payloads, the OTV is
mounted on the integration stand with the payload interface pointing. away from the
truss.

The propellant storage tanks are located near the integration stand to eliminate
another physical transfer after payload integration. The tanks are arranged to have the
shortest propellant transfer line lengths possible, since there are losses incurred in
cooling those lines. To minimize Station center of gravity shift as propellants are added
or removed, the tanks are located near the Station vertical center of gravity. In
addition, the tanks are located so as to balance the mass of the logisties module on the
far side. This will keep the transverse center of gravity centered on the truss and enable
the station to fly a vertical attitude.

These location decisions necessitate moving the Station radiators higher on the
truss. In addition, the two payload storage stands that were located where the OTV
facilities have been placed are now relocated to the solar array crossbar, where the
other two stands were already located.

The selected arrangement of the major accommodation elements are also shown in
figure 4.1-3. This arrangement is viewed as a good compromise of factors important to
the station and to efficient operation of a space based OTV. Modifications to the
Reference FOC Space Station include relocating the Logistics Module to the side of the
upper Habitation Module, moving the payload storage stands that were in the middle of
the Station up to the power system cross-beam, and adding a stub truss section to
support the propellant storage and transfer system.

Hardware elements added to the Space Station to support OTV operations are the

propellant storage tanks, the propellant transfer system, and the OTV servicing hangar.
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4.1.3 Selected Arrangement For GBOTV

Accommodations for the GB OTV Concept only involve a small hangar for storage of
an auxiliary propellant tank and an area to physically integrate the OTV, auxiliary tank,
and payload. The arrangement of there elements is shown in figure 4.1-4. The
operations indicated reflect use of either expendable auxiliary propellant tanks or
reusable tanks. The preferred approach for the GB OTV is to use reusable tanks. The
hangar in this application is used to provide thermal protection for the auxiliary tank to
minimize boiloff while waiting to be integrated with the OTV. The integration area and
payload storage area is adjacent to the hanger to minimize vehicle integration time and
movement of the MRMS.

4.2 OPERATIONS

This section discusses several OTV operations that involve the OTV accommoda-
tions, and/or use of station provisions. Most notable of these ineclude OTV/payload
integration, launch and retrieval, and servicing via automation. Timeline and crew

requirements are presented in Volume il Book 4.

4.2.1 OTV/Payload Integration

Movement of the OTV and payloads from their storage location to the integration
area will be done through use of the MRMS. The operations associated with placement
of the OTV on the integration stand are shown in figure 4.2-1. Once the hangar door is
open the MRMS reaches into the hangar using the aeroshell handling fixture and pulls the
OTV clear by translating up the Station truss. When the OTYV is clear of the hangar, the
MRMS swings the vehicle around the truss and orients it for placement on the integration
stand. Finally the MRMS translates downward to place the OTV on the integration stand.

Payloads to be integrated with the OTV vary considerably in size and weight as
indicated by Table 4.2-1.

Table 4.2.1 OTV Payload Characteristics

PAYLOAD SIZE MASS(LB.)
Large Platform Deployed 150x150x100 20,000

At Departure

Large Platform-Undeployed 14x14x40 20,000'

Majority Of Payloads 14x14x30 12,000
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Comparison of payload integration operations for the ballute OTV and lifting or
shaped brake OTV is presented in figure 4.2-2. The principal difference between the
concepts is that the shaped or lifting brake OTV's require additional truss structure to
enable attachment to the station and a longer MRMS to place the OMV which is used for
launching.

The most demanding OTV/payload integration activity will involve a GEO platform.
Figure 4.2-3 shows the platform in place on a ballute OTV, aboard the Space Station.
The shaped brake and lifting brake OTV's are also shown attached to a GEO platform,
illustrating the differences in orientation required. The arrangements are dictated by
engine thrust vector and physical interference requirements. Note that one of the
Station RCS thrusters is pointed at the platform, and will have to be inhibited during

mating operations.
4.2.2 Launch and Retrieval

4.2.2.1 Proximity Operations Groundrules

Launching and retrieving spacecraft from the Space Station must satisfy the
proximity operations ground rules given in JSC-19371. These .g'round rules are
summarized in table 4.2-2. In view of the ground rules and the continuing contamination
concerns, the conclusion drawn is that hydrazine systems may not be used in the vieinity
of the Space Station for OTV deployment and retrieval. It is understood that the OMV
has a waiver from a restriction on the use of hydrazine near the station. As will be seen,

the GN9 system is more than adequate to accomplish launch and retrieval.

4.2.2.2 Primary Options
The primary launch and retrieval options examined are shown in figure 4.2-4 and
are:
1. utilizing the OMV, and
2. autonomously by the OTV using an added OMV-type GNg RCS.

OMYV Launch and Retrieval

Figure 4.2-5 illustrates OMV placement on the OTV for the purpose of launch with
the OTV fully fueled and a 20,000 Ibm payload to be delivered to GEO and retrieval with
the OTV empty and no payload. The OMV has been located such that the OMV/OTV/
payload center-of-gravity location remains within the GNq thruster span under both
conditions. An additional grapple fixture is required for the OTV since both OMV
attachment and OTV holding with the MRMS must be done simultaneously as shown in

figure 4.2-4.
50




D180-29108-4

808-A10

Buney peojAed/ALO Z-C'b 21nBl4

INVHE Q3dVHS
J—3 NOILD3S

AL10 NO AWO 1nd(E) ALO NO GVO1AVd Lnd(T)
,8-8 NOILD3S

“l

\

K

g

m\i ) .
-v—¥

anvis NO AL0 30V g

! @\z«/y (e

fo 0 I oL

V_ SSNYL/

NOILVLS

L.

EDW_MWM j

ms_cs_\ ﬁ
{14 09) HIODNOT

A10 NO avO1AVd 1nd(2)

A10 No AWO 1nd (B)
ALO 31N11vE

SWHW
14 0v

NO

od

.l
~o

SWHW X N
ALO
.8

aNV1S NO ALO 39V1d @
.V—V NOI123S

ILV1S

51




D180-29108-4

ONIL4IN

NOIlV1S
3IVvdS
HIMOYO

/

:o.cmcmm:,: ALO — wiojield 039 €& 34nbl4

Jin1ive

s = Y

INnvug

a3dVHS

\ WHO41Vd
039

HVYONVH /|
HOlvIiavH

52




YUCE /ALY

D180-29108-4

TVA3Id1dY
ANV LNIWAO1d3A ALO HOd SIWILSAS IANIZVHAAH 3SN LON AVIA

NOILV13HdHILNI e

Um_w\._.w. ¢'0=AV FHNSOTI TVNId e

ZO_._.<_._.m IWOH4 14 0001 LV 'SdO "XOHd FLVILINI
NOILVLS NOHd IAIN 8 ._.w<m.,._ LV LINN NOISTNdOHd NIVIN 34VS *
| NHN13YH e

23S/14 €=ANAV OL 3LVvHITIOOV 14 08L HI LIV e

14 08L 0L 23S/142°0=AV NOILVHVdIS TVILINI

ONIXNJ30A HO4 FLVISNVHL LONNVO NOILVLS e

NOILINDI LINN
NOISTNdOHd NIVIN HO4 NOILYLS WOHH WN OL 1SV3T LV 34 1SN °

JHN1LHVdIA e

(1LE61—0SI :224n0S) sajny punoig) suojiesadp Awixold -’y 21q9e1

53




80ZI-ALO .

D180-29108-4

a3ildaas \*

WawAo|daqg ALO b b 24nbl4

SWHW A9 3103443 NOLLISINDIV TVAIIHLIIY @
NOILO3HIA A— NI 3HNLlHV43A @

1NOMJI3IHI ANV ONILVIN
AVO1AVd H314V SWHW HLIM &Z_Zo_h_won_ TVILINI @

W 20$ =31aqe
W #'2$ =LHDIT4/1S0J e

IN3IWAOI43A
\» SNOWONOLNY ALO

hYd

SWHW

Z ALOOL
SOH“ND aav e

avolAvd

W O0'v$ =LHDIT14/1S0D @

AWO HLIM

IN3IWAOT4d3a ALO

avol
“AVd

AWO

SWHW

54




001L-ALO

D180-29108-4

jerd1nay pue QuawiAojda AL OGS—U0NeIOT AWO G- 31nbiy

(899 v 1S)
>r_m>_._mo avo1AVvd M0¢
“D'0 NOISSIW LHVY1S

(G2L Vv1S)
90 ZO_mm_E AH3IAIT3A 40 AN

| ] — = — — — — —

3LN11ve =
aamols ““./l

AWO

| ~NOILVIOT

6'9GL 1'6z9 JHNLXIA

V1S V1S I 1ddVHD

V1S

55




D180-29108-4

The GN3 required by the OMV to accomplish the activities delineated in table 4.2-2
for both the launch and retrieval missions is 266 lbm. Refill of the OMV GNg tanks is

assumed between launch and retrieval.

Autonomous OTV Launch and Retrieval

Launch and retrieval of the OTV using an on-board GNg system derived from the
OMV GNjy is depicted on the right side of figure 4.2-4. The requirements for this system
in terms of delta-V, GN9 usage, tank sizing, and weight summary are shown in
table 4.2-3. Note that the total GNg used for launch and retrieval is 166 lbm for the
OTV autonomous approach whereas, with OMV deployment, the total was 266 lbm. This
difference is due to two factors: (1) without the OMV the mass to be accelerated is less,
and (2) for OMV deployment and retrieval there are two round trip but only one for the

autonomous OTYV case.

Cost Comparison

The manhours required for OMV launch and retrieval are shown in table 4.2-4.
Utilizing these manhours and the following charges (Phase II groundrules):
IvA - $18,000/HR
EVA - $148,000/HR

the preparation, mating, launch, inspection, and refurbishment cost per OTV mission is
$3.475 million. At $1500/lbm delivered, the GNg cost is $399,000. Assuming a flight
time for launch and retrieval of 3.5 hrs each, the IVA monitoring cost is $126,000.
Therefore, the total cost to launch and retrieve the OTV using the OMV is $4 million.

All of the costs involved with OTYV launch and retrieval are recurring. However, the
addition of the GN9 system and the impaect of this additional mass on the LOg and LHg
tank sizing, results in a DDT&E cost impact as well as recurring costs. The increase in
LO9/LHg requirements is 1883 lbm and a tank mass increase at 109.2 lbm. The
estimated cost increases to design and manufacture the larger tanks are $0.260 million
and $0.150 million, respectively. Recurring costs are: delivery of the added LO9/LHg,
$2.049 million (at $1088/lbm); 166 lbm GNg delivery, $0.248 million; and 3.5 hrs [VA,
$0.063 million.

The costs for each of the OTV launch and retrieval options are summarized in table
4.2-5. At the bottom of this table the costs are compared. It is seen that it costs $1.64
million more per flight to use the OMV than for an autonomous OTV. This amounts to a
$221.4 million differential for the projected 135 flights. When the DDT&E cost is
subtracted, the difference is LCC over the program is $220.7 million.
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Conclusion

As a result of the analysis conducted, it is concluded that, on the basis of least LCC
the preferred approach for launch and retrieval of the OTV is with an autonomous GNg
RCS.

4.2.2.3 Alternate Launch and Retrieval Option

An alternate launch and retrieval concept that takes advantage of orbit mechanies
has been given a preliminary evaluation. This approach is presented here to encourage a
detailed evaluation. It is not felt that the current stage of analysis warrants an LCC
comparison with the two approaches previously presented.

This approach uses the MRMS to initially deploy and retrieve the OTV and depends
on orbit mechanies to provide the necessary separation or closure distance relative to
the station. During retrieval a navigation accuracy of 20 feet or less is required to
enable the MRMS to capture the OTV. This requires a laser ranging system. Figure
4.2-6 shows how this approach and rendezvous concept would work. Two laser distance
measuring instruments (DMI) are located on the Space Station and reflectors are
mounted on the OTV. At a distance of 5 nm, the DMI's acquire the vehicle and
repeatedly measure the vehicle's position for 30 seconds to determine the vehiecle's
velocity and position to better than 0.01 ft/sec and 0.04 ft, respectively. By this method
the OTV motion relative to the Space Station can be predicted and any corrective RCS
burns made. This process is repeated as necessary until the last update is made within
2000 feet. Because of the shorter range and longer integration time, the position and
veloeity errors at the last update are 0.02 ft and 0.002 ft/sec. Figure 4.2-7 illustrates
the relative motion of the OTV with respect to the Space Station in the capture vicinity.
The three sigma error in maneuvering is much smaller than the reach of the Mobile RMS
on the Station. If the capture is not made in the twelve minutes availabie, the OTV will
move safely away from the Space Station for another attempt. The advantage of this

type of maneuver is no RCS is needed within 500 ft the Station.

4.2.3 Servicing Via Automation

Because of the high cost of using Space Station crew, there is a desire to use
automation to reduce overall servicing costs. Automation is applicable to tasks that are
hazardous (such as fuel transfer), repetitive, uninteresting (inspection of vehicle), or
require precision, speed, or strength not available from humans.

Our analysis focused on identifying potential OTV servicing tasks that could be done
via automation and making an assessment regarding their likelihood considering such

factors as frequency, dexterity, and intelligence level. The results of this analysis is
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shown in Table 4.2-6. [t will be noted that a number of tasks appear to be legitimate
candidates. Others are viewed as not being good candidates because of having a low
frequency or the level of difficulty is too high. Finally, there are a few that require
more analysis before a preliminary decision is made.

The final decision on automating a given task however will be highly influenced by
cost. Estimating the cost savings resulting from reduced crew servicing operations is
straight forward. Much more difficult, however, is estimating the software cost to
implement the task since the task itself and equipment involved are not well defined,
identifying the cost of the robotic equipment to perform some of the automation, and
finally estimating the cost associated with maintenance on the automation equipment.

In summary, the potential for automation in servieing is high. However, due to the
uncertainty in the cost to achieve automation for on-orbit servicing our baseline
approach is to use the crew to perform many of the servicing tasks such as removal and
replacement of all OTV ORU's. It is recommended however that this area be reexamined

when the Space Station automation studies become available.

63



D180-29108-4

0Z9-A10

WOd3344 40 334930.

aNVH
1N3INDIYINI OOL ‘ON | aIWWVYHDOHdIHd NVWNH 2000 HOLVINWNIIOY Sd3 30V 1d3y
: aNVH-
IN3INDIYUANI OOL ‘ON| AIWWVHOOUJIHJ NYWNH €000 dWNd Sd3 30V1diH e
1N3INDIHANI 00L ‘ON | AIWWVYHDOHdINHd 400 ¢ 9000 AHILIVE ALITILN 3OV IdIH @
S3A | AGIWWVHOOUdIHd 400 ¢ 8L'0 X088 SOINOIAY 30V 1d3H e
aNVH
AyVvH O0L ‘ON | G3IWWVYHDOHdIHd NVWNH Lo S3IATVA 8 INIDNT 3DV1dIY o
ANVH
d3HIND3IY SISATVYNY JHOW | aawnvynoudanud NVWNH Lzo 7132 13N4 39vVidid e
aNvH
a3HIND3IY SISATVYNY IHOW ]| QaIWWVYHHOHdIHd NVYWNH €50 HILSNTII SO 3DVidiH @
NOILD313Q
S3A 3I9VWVa 400 ¢ ] NOILD3IdSNI LHOIT41S0d
ONISN3S
S3IA LIWIN401n0 | —3NON- L LNOMI3IHT HONNV 13U
NOILVYNIQHOO0D JAT-ANVH B ONISN3S . avO1AVYd ANV
ALIAILISNIS S3HIND3Y ‘'ON| GNV INIWNDITY 4009 L (S)IADVLS ITIIHIA JLVHOILNI
ONISN3IS YIHLONY OL XNVL INO
S3IA LIWIT 40 LnO. 4001 4 WOY4 SLNV113d0Hd HI4SNVHL
. svorigwn
S3IA | GIWWVHOHOUJIYJ 400t € 1J3INNODSIA/1IINNQD e
ONILYWOLNY , NOILVLS NO HIH1ONY
LINVHHVYM OL HONON3 - 3ONVAIOAY . 01 NOILYDOT INO WOH4 |
1N3IND3Y4 1N8 QUVH 'SIA NOISI1109 +400 9 9~ INIW3I T3 IHYMAHVH HIASNVHL
ENOILVYWOLNY HOS A3IAI AINITVAINDT NOISSINnN SYSVYL IVIINILOd
31vAldNvd do09 JIN3IDITTILNI ALIH3LX3a] /AON3IND3YA

Buiainias 1q10-uQ — SisAjeuy uonewoiny 9y 9qel

64




D180-29108-4
5.0 OTV IMPOSED REQUIREMENTS

This section summarizes the requirements and needs imposed by an OTV when it is
to have an interface with the Space Station. Data is presented for all those space based
concepts as well as the ground based concept.

5.1 SPACE BASED OTV

Crew Requirements

Accommodation installation and turnaround operations times required for the OTV's
are presented in table 5.1-1. The shaped brake OTV took the longest primarily because
it required the largest hangar. Assuming an EVA shift of 6 working hours/day, 6
days/week, and a crew of three required during EVA (2 outside, one inside), total
installation times of seven to ten weeks are required fqr space based OTVs. Ground
based OTV's are estimated to take only one and one half weeks because the hangar is
smaller and less internal equipment is required.

When viewed from an annual operational basis ({OTV turnaround—maintenance and

servicing), the crew requirement average is only 0.5.

Power Requirements

Power requirements are summarized in table 5.1-2. The principal power
requirement for a space-based OTV is for the propellant transfer pumps associated with
compressing the gases resulting from line and OTV chilldown. Based on a seven hour
transfer time to unload a tanker or an OTV, the estimated power required is 20 kw.

The average total power level is very dependent on the OTV thermal control
requirements while it is in the hangar, which is the majority of the time. The total

average power is estimated at 480 watts.

Accommodation Size and Weight
A summary of the weights and size associated with all of the ballute braked OTV
accommodations required at the station is presented in table 5.1-3. A more detailed

breakdown of the support equipment as well as installation times is shown in table 5.1-4.
Delivery Requirements

Table 5.1-5 summarizes the non-recurring and recurring delivery requirements for

the various OTV configurations expressed in terms of STS launches required. These
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numbers refer only to the accommodations elements and do not include delivering the
OTV itself.

5.2 GROUND BASED OTV

The ground-based OTV needs are shown in table 5.2-1. As indicated the
requirements are much less than for a space based OTV, because only a small storage
hangar is required and only physical integration of the OTV and auxiliary tank/payload is
necessary for a ground based OTYV.

Most services were reduced by approximately a factor of six, while power

requirements are negligible.

5.3 SUMMARY

A summary of the major requirements imposed by the OTV are presented in table
5.3-1. Delivery needs cover all support hardware required by an OTV including hangars,
support equipment, propeilant storage systems, and hardware modificatioﬁs to the basie
Station. Crew support in terms of installation relate to the activity involved in assembly
and integration of the accommodations hardware at the Station. The operations aspect
deals with the time required to prepare a given OTV for each flight. The value indicated
is a time smeared average crew size although when the turnaround operations are
actually performed a total of three people are involved (two EVA and one [VA).

The peak power demands for SB OTV's relate to the refueling operations and the
average relates to maintenance and storage considerations. Perhaps the biggest impact
on the Station for the SB OTYV is the weight that is added. With inclusion of two OTV's
the weight approaches 250,000 lbs.
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6.0 ACCOMMODATIONS ISSUES

There are a number of open issues in the accommodations area that should be
further addressed through a joint effort by the space station and OTV programs.

Accommodation of the propellant storage tanks is a major issue relative to station
dynamies and controilability. Since the tanks are frequently partially empty slosh
becomes a possibility. Should this prove to be a legitimate problem consideration should
be given to benefits of slosh baffling, smaller but more numerous tanks or even another
assessment of a separate platform.

The impact on the station micro-gravity level is also a concern considering the large
masses of a fueled OTV with large payload and the propellant storage tanks. For
example, a 1076 gravity tolerance requires the center of gravity to move no more than
2.5 meters in the vertical direction. An object that is 10% of the Station mass, such as a
fueled OTV with payload, would be constrained to operate within 25 meters (82 feet) of
the Station center of gravity (CG). The propellant storage tanks would comprise as much
as 20% of the Station mass, and would therefore have to be located within 41 feet of the
CcG. '

Use of a cold gas N9 system on the OTV for launch and retrieval has minimized the
impact on station contamination. Preliminary data however indicates that both the
station RCS and Orbiter RCS operations (during docking) exceed the contamination
limits thereby bringing up the issue of common groundrules for all elements.

Several issues relate to OTV/payload integration. The 80,000 lbm lunar mission,
whieh requires multiple stages, and a GEO platform that is deployed on the Space Station
both require a larger volume than is available on the power tower Station design.  The
OTV and payload, especially a GEO platform, have a large mass and moment of inertia.
The capability required of a Mobile RMS to move these objects, and the Station truss
rigidity to make the movements controllable have not been determined.

While automation and teleoperation could potentially perform many of the OTV
serviecing operations, and save Station crew time, the total cost of automation has not
been assessed. This is due to the immature state of this technology and the rapid pace of
development.

Finally, we have assumed the use of the Space Shuttle in all our trade studies. A
Shuttle Derivative Vehicle will have lower transportation costs per pound. This will
affect the numerous trades that assume a dollars per pound value of delivery to orbit. In
addition, the operational concept involving a Shuttle Derivative and OTV has to be

developed. The implications of advanced launch systems is addressed in Volume IX.
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